Owing to their broad modularity, polymeric versions of ionic liquids, referred to as poly(ionic liquids) (PILs), have attracted increasing attention as recyclable polymer-supported (pre)catalysts for various chemical transformations. Herein, an imidazolium-based statistical copolymer based on PIL (= coPIL) is specifically designed by free-radical copolymerization of styrene and 4-vinylbenzylethyl(benz)imidazolium chloride. A selective ion-exchange reaction can be subsequently achieved to incorporate bio-sourced difunctional sebacate-type counter-anions, causing the physical crosslinking of the coPIL precursor via electrostatic interactions between pendant imidazolium moieties and sebacate dianions. The as-obtained gel-type precursor exhibits a thermally latent behavior in THF, proving advantageous for a facile manipulation and practical use for organocatalysis. Upon heating, typically at 80 ºC, interaction between the sebacate dianion and the proton in C2-position of the imidazolium moieties generates polymer-supported N-heterocyclic carbene units that act as catalytic active species towards NHC-organocatalyzed reactions, namely, benzoin condensation, transesterification and cyanosilylation. The PIL-based gel precursors can be restored, recycled and reused by simply cooling down, i.e. with no need of an external chemical reagent, due to the shift of the intramolecular equilibrium towards the formation of imidazolium sebacatetype units. Overall, this novel gel-type copolymeric platform shows a thermo-responsive behaviour, and proves particularly versatile for heterogeneous organocatalysis.
INTRODUCTION:
Polymeric versions of molecular ionic liquids (ILs), namely, poly(ionic liquid)s or polymerized ionic liquids, abbreviated as PILs, have attracted a great deal of attention as a new class of polyelectrolytes in the past two decades. [1] [2] [3] [4] [5] In PILs, cationically or anionically charged monomer units are covalently tethered to the polymer backbone, while counter-ions generally show high mobility. Typical organic cations of PILs include imidazolium, pyridinium and phosphonium groups, which can be associated to anions, such as Cl , etc. [6, 7] A very broad range of PILs with a large number of functionalities have been designed, either following a chain-growth or a step-growth polymerization pathway, sometimes involving a post-chemical modification step of a polymer precursor. [3] Subsequent exchange of the counter-ion, referred to as ion metathesis, provides another means to tune PIL properties. [1] PILs thus combine essential features of ILs, including a high CO2 solubility and a high ionic conductivity, with inherent qualities of polymers. These combined properties make PILs highly attractive in various applications, for instance, in analytical chemistry, [8] gas separation, [9] precursors of porous structures and nanostructured carbon-based materials, [10] as solid ionic conductors for energy storage, [11] and for catalysis as well, [3, 12] which is the topic of the present contribution.
In the latter case, PILs eventually play two distinct roles. On the one hand, they can serve as efficient polymeric stabilizers of metal nanoparticles (NP), forming PILs@NP nanohybrids [13] in which the presence of PIL chains allows minimization of metal coalescence, providing efficient electrostatic + steric (= electrosteric) stabilization. [14] On the other hand, PILs can also operate as versatile polymeric supports of various types of catalysts. [15, 16] For the general purpose of organocatalysis, PILs featuring sulfonic acid or proline moieties can for instance be employed as polymer-supported Brønsted acids and Lewis bases, respectively. [3] Furthermore, imidazolium-based PILs are handy precursors of polymer-supported Nheterocyclic carbenes (= polyNHCs). [17] [18] [19] [20] [21] [22] Such polyNHCs can either be employed for reference organocatalyzed reactions of molecular chemistry, or serve as polymer-supported ligands for transition metals, i.e. forming polyNHC-metal derivatives, [19] by analogy with molecular NHC counterparts. [23] The latter polymer-supported metallic complexes have been advantageously employed to catalyze various organometallic reactions. In many of these catalysis applications, "task specific PILs" have been found to greatly facilitate separation, recovery and reuse, i.e. recycling of the polymer-supported (pre)catalysts -most often by simple filtration-and/or to improve stabilization of PILs@NP nanohybrids. [13, 24] In this context, imidazolium-based PILs featuring anions such as hydrogen carbonate, HCO3 -, [20] or acetate, CH3COO -, [21, 22] have been shown to serve as efficient air-stable progenitors of polyNHCs. This relates to the weakly basic character of both counter-anions interacting with the proton in C2-position of pendant imidazolium rings. Specifically, the imidazolium acetate-containing PILs exhibit a thermally latent behavior when employed in organocatalyzed reactions, and their catalytic activity can be turned on and off by a simple temperature increase and decrease. [21, 25] Furthermore, such precursors can be readily recycled and reused, with no need of an exogenous chemical reagent, owing to the aforementioned intramolecular and temperature-dependent interaction between the acetate and the imidazolium moiety. [21] This convenient way of masking and manipulating polymersupported NHCs can be further exploited, as discussed in the present contribution. By incorporating a commercially available and bio-sourced dicarboxylic acid, namely, sebacic acid, imidazolium-based physically crosslinked PIL gels can be achieved, and be readily manipulated and recycled for various NHC-organocatalyzed reactions. Here we describe for the first time the design of gel-supported NHC precursors from imidazolium-based PILs that are physically crosslinked, i.e. the crosslinking process is reversible, through the formation of a bis-carboxylate-type reagent. In addition, such gel-supported NHC precursors exhibit a thermally latent behavior when used in selected organocatalyzed reactions, namely, benzoin condensation, transesterification and cyanosilylation, which enables the manipulation of the catalytic activity by a simple temperature change. Overall, this novel polymeric platform is proven to be particularly flexible for heterogeneous organocatalysis. were performed using a TA instrument Q50 under a nitrogen atmosphere, from temperature (10 ºC / min) to 800 ºC. The weight loss was recorded as a function of temperature. The macroporous gel was examined using scanning electron microscopy (SEM) in a JEOL JSM-6360 microscope operating at an accelerating voltage of 20kV and 5000/10000 magnification.
Materials
Benzimidazole ( After cooling down to room temperature, the liquid phase was retired and analyzed by 1 H NMR in DMSO-d6 and conversion calculated comparing the integral value of the -CH2-benzyl alcohol signal (4.5 ppm) to that of the -CH2-benzyl acetate signal (d, 5ppm) ( Fig.   S1 .14). The swollen gel was dried and cleaned with dry THF at 40 ºC two times. Finally, the same quantity of dry THF was added to perform next catalytic run using the same catalyst.
Cyanosilylation. In a typical experiment, 5 (0.1 g; 0.176 mmol) was previously gelled in THF as explained in Fig. 2 . A portion of 4mL THF was then introduced, and then 0.18 mL Characterization of the two copolymers by 13 C NMR spectroscopy (Fig. S1.7 and S1.8)
confirmed the selective incorporation of sebacate anions, as evidenced by the presence of sebacate carboxylate single signal at δ = 177.7 ppm. This was also confirmed by FTIR spectroscopic analysis of copolymer 5. The presence of a strong band at 1640 cm -1 ( Fig. S.2.1) could be assigned to the C=O stretching of carboxylates. Thermogravimetric analysis also evidenced a significant change in the degradation profile, before and after anion exchange, the stability of the resulting imidazolium sebacate-containing coPIL 5 ( Fig. S4.2) being lower than that of its parent copolymer 3 (5 wt. % loss observed at 200 and at 300 ºC, respectively; see Fig. S4 .1, S4.4). This result was consistent with previous observations concerning imidazolium-type coPILs featuring acetate counter-anions. [21] This was also reflected in the Tg values, a Tg of 23 ºC being determined for the chloride-containing precursor 3 ( Fig. S3.1 ), while coPIL 5 did not exhibit any clearly detectable Tg, likely due to its gel-like behavior.
Heating coPIL 5 at 80 ºC in THF for 4 h led to an orange swollen gel (see Fig. 2 ). This bathochromic effect could be due to an increase in electron donating ability from C2-benzimidazolium as a consequence of basic carboxylate insertion, leading to higher-energy associated HOMO as similarly found in some carbene metal ligands. [32] After drying, this physically crosslinked copolymer exhibited a porous monolith structure featuring open pores with pore sizes in the range 100 nm-10 µm, as revealed by scanning electron microscopy (SEM; Fig. 3 ). Such porosity was expected to enhance the interfacial mass and energy exchange and be beneficial for catalytic performance of the monolith. Unfortunately, this hypothesis could not be confirmed by analysis of the surface area by Brunauer-EmmettTeller (BET), owing to the high heterogeneous porosity.
[33] Owing to the absence of covalent bonds in the gel deriving from copolymer 5, i.e. to the formation of physical crosslinking points, this gel could be easily manipulated by further anion exchange, for instance, by using the non-coordinating TFSI anion. [3, 4] In this way, the gel could be readily de-crosslinked, restoring a linear and eventually soluble copolymer (7; see Scheme 2). Addition of LiTFSI onto a methanol solution of gel 5 thus caused its gradual disruption, ultimately yielding a fully dissolved compound after 12 h of stirring. The corresponding 1 H NMR spectra of both TFSI-containing copolymers 4 and 7, emanating from the same parent copolymer 3 proved to be identical (Fig. S1.12 ), validating the decrosslinking method by anion exchange. This was also evidenced by analysis by 13 C and 19 F NMR spectroscopy of compounds obtained after anion exchange (see Fig. S1 .5, S1.6, S1.10 and S1.11). In addition, SEC analysis of copolymers 4 and 7 showed chromatograms that were almost superimposable ( Fig. S5.1) . In other words, these results did not show any evidence of degradation or side reactions or aggregation phenomena occurring during the post-chemical modification of coPIL derivatives.
Scheme 2. Two different pathways followed for the synthesis of TFSI anion-containing copolymers (4, 7) supporting the anion-exchange mediated decrosslinking of the gel. NHC-CS2 adduct formation also allowed disrupting the physically crosslinked copolymer gel, leading to a copolymer-supported betaines soluble in methanol and corresponding free sebacic acid as by-product. Copolymer 5 was then employed as a gel-support of masked NHCs in three distinct benchmark NHC-organocatalyzed reactions, including benzoin condensation, [36] transesterification and cyanosilylation (Scheme 3). Of particular interest, NHC-type active species could be thermally activated with no need of an exogenous reagent, owing to the dynamic equilibrium between sebacate anions and protons of imidazolium units, enabling to switch the catalytic activity on and off upon heating and cooling, respectively.
The temperature change also allowed us to easily recycle copolymer 5 and reuse if for subsequent catalytic cycles.
Scheme 3. Benzoin condensation, transesterification and cyanosilylation organocatalyzed by NHC-supported physically crosslinked porous gel under heterogeneous conditions.
Benzoin condensation was first implemented in THF using benzaldehyde as the substrate and 10 mol. % of copolymer 5 referred to imidazolium moieties. For sake of comparison, the TFSI-and chlorine-containing copolymers, 4 and 3, were also tested under the same conditions. However, no benzoin product was obtained with the two latter precursors, corroborating the non-innocent role of carboxylate counter-anions to in situ generate catalytic polymer-supported NHCs. In contrast, conversions were in the range 65-70 % after 24 h in five consecutive catalytic cycles when gel 5 was applied (Fig. 4) . As discussed, the benzoin product was formed only upon heating at 80 ºC, i.e. no catalytic activity was noted at RT, presumably owing to the shift of the equilibrium to the formation of inactive imidazolium units. With the benzoin product being soluble in THF, the coPIL-type gel precursor 5 could be simply recovered by filtration due to its insoluble character. It could further be stored and handled in air for several weeks without apparent degradation. It could also be implemented both in the NHC-organocatalyzed transesterification and cyanosilylation reactions under heterogeneous conditions in THF (Scheme 3). The former reaction was performed using benzyl alcohol and vinyl acetate as substrates, which in presence of 10 mol % of 5 as gelsupported pre-catalyst, yielded benzyl acetate with conversions in the range 72-90% during 5 different catalytic cycles (Fig. 4) . 
CONCLUSION:
Air-stable physically crosslinked porous gels swollen in THF were designed for the purpose of organocatalysis under heterogeneous conditions. This was achieved by free-radical copolymerization to obtain a statistical benzimidazolium-based styrenic-type copoly(ionic liquid), followed by a metal-free anion exchange reaction to incorporate dicarboxylate functions deriving from a biosourced dicarboxylic acid, namely, sebacic acid. Difunctional sebacate anions eventually played a dual role of i) ionic crosslinker and ii) slightly basic internal counter-anion to in situ deliver catalytically active NHC species upon heating. The as-obtained gels could be reversibly manipulated to regenerate a linear coPIL by anion exchange using a monofunctional anion. These distinctive advantages allowed performing standard molecular heterogeneous NHC-organocatalyzed reactions, leading to relatively high conversions in reaction products. The gel-like catalysts could be readily recycled up to 5 times, without any significant loss of catalytic activity or leaching. The catalytic performance could be tuned by thermal activation/deactivation, shifting the equilibrium either towards NHC active species, or to inactive imidazolium sebacate.
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